The longitudinal decline in the integrity of several white matter (WM) tracts in behavioral variant frontotemporal dementia (bvFTD) has been documented. However, there is yet a clear relationship between this decline and that of executive function (EF), for the WM changes to meaningfully track progression in bvFTD. We sought to validate the use of diffusion tensor imaging (DTI) in tracking the progression of bvFTD with its associated decline in EF. Baseline and one-year follow-up DTI scans were acquired from 23 patients with bvFTD and 26 healthy controls. EF composite score was derived via multiple tests. The longitudinal changes in DTI metrics were examined in both groups. Then, among patients (N=18), we examined the associations between these changes and that of EF. Widespread WM alterations and decline in EF were observed only in patients. This EF decline was mostly associated with the disrupted integrity of the corpus callosum and anterior corona radiata. These longitudinal findings support the use of DTI in tracking the progression of bvFTD and its associated EF decline.
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Introduction
Behavioral variant frontotemporal dementia (bvFTD) -the most common type of frontotemporal dementia (FTD; Bang et al., 2015) , is characterized by the progressive deterioration of personality and social behaviors. Neuropsychologically, patients with bvFTD present with deficits in executive function (EF) while memory and visuospatial functions may be relatively spared. Progression in bvFTD varies across patients. Some patients, typically referred to as 'phenocopy' cases, experience little to no progression across time in terms of cognitive abilities and functional status (Devenney et al., 2015) . On the other hand, patients found to possess the hexanucleotide-expansion in the C9orf72 gene experience a relatively rapid frontal lobe degeneration and decline in cognitive abilities (Irwin et al., 2012) . Given the variability of progression in bvFTD, the importance of tracking its progression for timely intervention and prediction of prognosis decisions cannot be understated.
Relatedly, there has been some recent evidence of using diffusion tensor imaging (DTI) to track the progression of bvFTD. The use of DTI to study bvFTD is justified by the fact that it measures the microstructural integrity of white matter (WM) tracts; neurobiological processes in the three different types pathologies commonly associated with bvFTD -Tau, Tar DNAbinding protein 43 (TDP-43) and fused in sarcoma (FUS), can adversely affect this microstructural integrity. In the first type, tau deposits into neurons and glia to form neurofibrillary tangles that affects not only gray matter (GM) but white matter as well (Ghetti et al., 2015) ; these tangles have been prominently observed in glia cells of the deep white matter tracts and internal capsule (Mann and Snowden, 2017) , suggesting the presence of axonal degeneration (Leyns and Holtzman, 2017) . In the TDP-43 and FUS pathologies, glial cytoplasmic inclusions are present in the WM (Mackenzie and Neumann, 2016) , whose presence M A N U S C R I P T
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White matter integrity and executive function in bvFTD 4 correlated with WM damage , specifically in terms of the myelination of WM (Powers et al., 2003) . Furthermore, DTI metrics could potentially be more helpful than GM variables (e.g., frontal lobe atrophy) in aiding diagnostic decisions, as one study has shown that DTI metrics were significantly more accurate than GM atrophy in classifying FTD subtypes .
The limited longitudinal research on bvFTD has generally reported the significant decline in the integrity of several WM tracts. Two studies, analyzing whole brain tract-based spatial statistics (TBSS), reported significant deterioration of WM microstructural integrity, in terms of decrease fractional anisotropy (FA) and increased mean diffusivity (MD), in patients with bvFTD over an approximately one-year follow-up period. Specifically, these WM changes were observed extensively throughout several WM tracts in one study (Lam et al., 2014) and mostly in the frontal WM in the other (Elahi et al., 2017) . A third study, using another whole-brain approach to compare the one-year longitudinal changes in FA between healthy controls and patients with bvFTD, have observed significant FA decrease in the frontal WM of patients with bvFTD relative to healthy controls (Kassubek et al., 2018) . Finally, a fourth study, using an atlasbased regions-of-interest (ROI) approach found significant FA decrease and MD increase in the corpus callosum (CC), cingulum, uncinate fasciculus and superior cerebellar peduncle among patients with bvFTD over a 1.3 year follow up period (Mahoney et al., 2015) . In general, these studies evidenced a significant longitudinal decline in WM microstructural integrity among patients with bvFTD, although they might differ to a small extent, in the specific WM regions affected.
To improve the usefulness of using DTI metrics to track the progression of the disease, it is important to map the observed longitudinal changes to measurable changes in symptoms M A N U S C R I P T
White matter integrity and executive function in bvFTD 5 severity. From a clinical stand-point, this would mean the changes in daily functioning or severity of symptoms such as apathy, disinhibition or inappropriate social behaviors. However, these variables may not be easily or meaningfully quantified, especially if one intends to relate these variables to DTI metrics. Instead, we chose to look at EF. EF deficits are a central cognitive feature of bvFTD , hence can be used to approximate progression in the condition. Furthermore, EF can be objectively measured and easily quantified via various neuropsychological tests. In this regard, there has yet to be longitudinal studies demonstrating an association between decline in EF and the deterioration in WM microstructural integrity, although two cross-sectional studies have reported associations between EF tests and FA in the uncinate fasciculus, forceps minor and anterior cingulum (Tartaglia et al., 2012) among patients with bvFTD. To address this research gap, this study used the publicly available Frontotemporal Lobar Degeneration Neuroimaging Initiative (FTLDNI) dataset to examine the longitudinal association between WM microstructural integrity and EF decline. This research goal was achieved through several steps. First, we showed that there was indeed a longitudinal decline in the WM microstructural integrity in bvFTD not attributable to normal aging. This was exemplified by showing significant decrease in FA and increase in MD across time only in patients with bvFTD but not the healthy controls. Second, to measure EF accurately in bvFTD, we created and validated an EF composite score, incorporating test scores from multiple EF tests. Last but not the least, we correlated changes in this EF composite score with WM microstructural changes across time in bvFTD. For the first and final steps, we hypothesized that there were significant clusters FA decrease and MD increase in the frontal WM regions which emerged and significantly correlated with changes in EF composite scores across time.
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Material and methods

Data
2.1.Participants
For the DTI analyses, we included 26 healthy controls and 23 participants with bvFTD who had valid baseline and follow-up DTI scans approximately one year later (±.25 years). Table 1 presents the characteristics of these two groups of participants. Both groups were similar in terms of age, gender ratio and follow-up duration. As expected, participants with bvFTD had significantly lower mini-mental state examination scores (MMSE) and fewer years of education.
The Clinical Dementia Rating scores (language, behavior, total and box) and Neuropsychiatric Inventory Questionnaire severity scores for each participant with bvFTD are presented in the supplementary materials (see table S1) INSERT It should be noted that among the 74 participants with bvFTD included for the derivation of the composite scores, only 26 of them had baseline DTI scans collected within the same period (+/-3 days) as cognitive tests measures. The other 48 participants either did not have any DTI scans or have scans which were collected too far (>3 months) from the date of cognitive assessments for both types of data to be used meaningfully together. Furthermore, among these 26 participants with time-matched DTI and cognitive test data at baseline, only 23 participants had DTI scans at a one-year follow up (as described earlier). Of these, five did not have timematched DTI and cognitive test data at one-year follow-up period. As a result, we have to exclude these five participants for the analyses of the longitudinal associations between WM changes and EF. Finally, among the 137 healthy participants included in the derivation for the EF composite scores, only 26 had valid DTI scans both at baseline and one-year follow-up (as described earlier).
Participants with FTDs were referred by physicians or self-referred. They underwent comprehensive neurological, neuropsychological and functional assessment, including informant interview at one of three study sites -University of California, San Francisco, Mayo Clinic, Rochester and Massachusetts General Hospital, in order to be diagnosed using the published consensus criteria for the various FTDs (Gorno-Tempini et al., 2011; Neary et al., 1998;  M A N U S C R I P T
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2.2.Measures
Participants were assessed on various EF domains. The maximum span scores of the forward and backward digit span tests from the Wechsler Memory Scale III (Wechsler, 1997) were used to measure working memory. Next, participants were assessed on their fluency using the letter fluency (Kramer et al., 2003) and category fluency tests (Lezak, 1995) . In these tests, they were given a minute to say aloud as many as possible, words starting with the letter 'd' and animals, respectively. The number of correct and unique words was used in this study. Finally, participants were administered the modified Trail-making Task (MTT; Kramer et al., 2003) ; the completion time was used as a measure of task switching ability. In this modified version participants alternated between number and day of the week in connecting the circles. Scores for the MTT have been reversed before entering into the analyses such that higher scores correspond to better EF abilities, as with the other EF tests. These five tests were the only EF-related tests included in the FTLDNI dataset.
2.3.MRI acquisition
Participants were scanned using Siemen TrioTim 3T scanners at the study sites. DTI images were acquired with an EPI SE protocol (TE=82ms; TR=9.2s; 896 × 560 matrix, 45 axial slices, in-plane resolution=2.7mm; slice thickness=2.7mm; 44 diffusion-weighted volumes; bvalue=1000 s/mm 2 ).
2.4.Image processing
The raw diffusion images were skull-stripped and corrected for eddy current and subject M A N U S C R I P T
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White matter integrity and executive function in bvFTD 9 movement using FMRIB Software Library (FSL 5.0.8). Then we used an unbiased approach as similarly described in (Keihaninejad et al., 2013) for the longitudinal registration. Diffusion tensors were then generated for each participant for the registration of the diffusion tensors. For each subject, a within-subject template was generated by computing the initial average template as a Log-Euclidean mean of the baseline and follow-up diffusion tensors. This template was iteratively refined; the diffusion tensors were registered to the template, and a refined average template was similarly computed from the two registered diffusion tensors for the next iteration.
The process was repeated until the difference between templates from consecutive iterations became sufficiently small; first with affine and then with non-linear registrations. Next, a study template was created, separately for healthy controls and participants with bvFTD, from all the final average templates in the within-subject space using the same iterative method. Then, FA and MD maps were generated from each registered tensor image in their respective study template space. These preprocessing steps were carried out using the diffusion tensor imaging toolkit (DTI-TK). Finally, a mean FA image representing the centers of all tracts common to the group, thresholded at FA>.30, was created and each subject's aligned FA and MD images were projected onto this mean FA image to obtain their skeleton images.
2.5.Statistical Analyses
To study the longitudinal changes in WM microstructural integrity within each group, we performed, separately on healthy controls and participants with bvFTD (N=23), single-group paired t-tests on the FA and MD images through a general linear model (GLM). Contrasts for baseline > follow-up and follow-up > baseline were set up for this GLM. Next, to identify WM regions longitudinally associated with EF among the patients (N=18) with valid DTI and EF data, we computed the differences across time (follow-up -baseline) for FA, MD and EF scores. Then,
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White matter integrity and executive function in bvFTD 10 a single group average with additional covariates GLM was setup to examine the associations between the FA/MD difference images and EF difference scores while incorporating age, sex and education as covariates. For these analyses, GLM contrasts for both positive and negative correlation were set up. The GLM setups were then subjected to 5000 random nonparametric permutations using the 2D parameter settings with threshold-free cluster enhancement (TFCE) to obtain the test statistics (Winkler et al., 2014 ). These statistical maps were then thresholded using family-wise error corrected p <.05. Subsequently, they were warped on to the FMRIB58_FA space before extracting labels from the JHU ICBM-DTI-81 atlas. Furthermore, if significant results were obtained for any of the analyses involving MD, these analyses were then repeated with radial diffusivity (RD) and axial diffusivity (AxD) measures to further assess the nature of the diffusivity changes. For the creation of the EF composite scores, we carried out a confirmatory factor analysis (CFA) using the robust maximum likelihood estimator. At each time point, test scores from the various EF tests were loaded on to a latent factor. Missing data were handled using full information maximum likelihood. (Hu & Bentler, 1999) . Lower information criterion values correspond to better fit. The longitudinal invariance of the EF factor was tested by comparing the unconstrained and longitudinally-invariant (equal unstandardized factor loadings across time) models using the χ 2 test of difference. If the fit was not significantly different between the unconstrained and longitudinally-invariant models, the latter model was M A N U S C R I P T
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Subsequently, the EF composite scores were extracted from the preferred model's factor scores using the lavPredict function.We proceeded to validate these scores by comparing them between diagnosis groups using a one-way analysis of variance. Post-hoc Tukey's tests were subsequently used to determine pairwise differences between groups. We also validated these scores longitudinally by carrying out paired sample t-tests on both groups of participants. Significantly lower baseline EF scores among FTD groups, relative to healthy controls, as well as a significant longitudinal decline in EF scores among bvFTD, but not healthy controls, would suggest the EF composite scores to be criterion valid. These analyses were carried out in R 3.4.0. Statistical significance was set at p <.05. Figure 1 illustrates the significant clusters of FA and MD changes across time in participants with bvFTD. Table 2 reports the details of these significant clusters. Among participants with bvFTD, significant clusters of FA decrease were observed mainly in the body and genu of the CC and widespread clusters of MD increase were observed extensively throughout the brain in several WM tracts. There were no significant clusters of FA increase or MD decrease among participants with bvFTD. There were also no significant clusters of FA or MD changes in any direction among healthy controls. Next, we attempted to quantify the changes in these significant clusters by first extracting all of the significant clusters as one region-of-interest (ROI) in their respective contrasts, and then compute percentage change (i.e.
Results
3.1.Longitudinal changes in FA and MD
(follow-up -baseline)/baseline * 100%). From baseline to follow-up, patients with bvFTD M A N U S C R I P T Given the significant MD results, we proceeded to examine RD and AxD changes.
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Significant clusters of AxD and RD increase were observed extensively throughout the brain in several WM tracts. These results are reported in detail in the supplementary materials (see figure   S1 and figure 2 . All three patient groups had significantly lower EF scores compared to healthy controls (ps <.001; see figure S2 in the supplementary materials). As expected, among the scanned participants, a significant decline in EF scores was M A N U S C R I P T
White matter integrity and executive function in bvFTD 13 observed among those with bvFTD (p=.006; Cohen's d ∆ =.66) and but not healthy controls (see Figure 3 illustrates the clusters of FA and MD changes which were significantly associated with EF changes across time. Table 5 presents information relating to these significant clusters of FA and MD changes. In general, clusters located in the anterior corona radiata (ACR), CC for both FA and MD, were significantly associated with EF changes in their expected directions. Subsequently, this analysis was repeated for RD and AxD; we did not observe any significant RD or AxD clusters in any contrasts.
Nevertheless, the uncorrected results showed that the direction of associations between RD/AxD and EF changes are consistent with that of MD and EF changes.
We have also carried out a cross-sectional TBSS analysis on the association between EF composite scores and FA/MD. No significant FA or MD clusters were observed in any contrasts.
Nevertheless, a marginally significant (p <.08) MD cluster in the ACR was observed to be negatively associated with EF scores. Further details on these analyses and their results are reported in the supplementary materials.
INSERT TABLE 5 AND FIGURE 3 HERE
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Discussion
The results of this study provided important longitudinal evidence to support the use of DTI to track the progression of bvFTD and its associated decline in EF. Across a one-year follow-up period, we observed significantly decreased FA and increased MD in several white matter tracts in participants with bvFTD. The fact that no such significant longitudinal changes were observed in a comparable sample of healthy controls, suggested that these widespread disruptions in WM microstructural integrity were specific to bvFTD and cannot be attributed to normal aging per se. Most importantly, deterioration in the WM microstructural integrity, especially in the ACR and CC, was significantly associated with the decline in EF.
Our results pertaining to the longitudinal changes in FA and MD among patients with bvFTD are relatively consistent with the findings of previous longitudinal studies (Elahi et al., 2017; Kassubek et al., 2018; Lam et al., 2014; Mahoney et al., 2015) in showing reduced WM microstructural integrity in the CC and the frontal WM across time. Nevertheless, we observed a minor discrepancy between our FA and MD findings; decreased FA was mainly observed in the CC, whereas increased MD was observed in frontal WM tracts such as the uncinate fasciculus and ACR, and other regions as well, in addition to the CC. In relation to this, differences in FA and MD results have been widely reported in other neurocognitive disorders such as amnestic mild cognitive impairment (aMCI; Yu et al., 2017 ) and Alzheimer's disease (AD; Sexton et al., 2011) . It is plausible that the absolute level of diffusion as measured by MD, is a more sensitive marker of WM degeneration relative to FA. FA is a measure of the ratio of anisotropic and isotropic diffusion. Although equivalent increases in both types of diffusion would increase the absolute magnitude of the diffusion ellipsoid as measured by MD, the shape of this ellipsoid or FA would remain a constant (Acosta-Cabronero et al., 2010) . Our AxD and RD results are M A N U S C R I P T
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White matter integrity and executive function in bvFTD 15 consistent with such a view. We found that the AxD and RD of several WM tracts were similarly affected in bvFTD, which may provide some evidence to suggest that the shape of the diffusion ellipsoid are relatively less affected and the WM changes in bvFTD are not specific to either radial or axial degeneration.
While this WM integrity deterioration in bvFTD, as measured by DTI metrics, may be directly explained by the different types of underlying pathologies described earlier, this degeneration can also be explained by other secondary or indirect disease-related mechanisms.
For instance, it is known that patients with bvFTD commonly present with atypical eating habits;
this may be associated with increased consumption of high sugar content food (Piguet et al., 2010) , which would increase the risk of developing cerebrovascular diseases (Seetharaman, 2016 ). This will, in turn, result in the appearance of white matter hyperintensities (WMH) in T2-weighted MRI scans, which will significantly reduce FA and increase MD in affected WM regions (Svärd et al., 2017) . Future studies could evaluate such a hypothesis by studying dietary intake and cerebrovascular comorbidities in bvFTD.
Not surprisingly, among patients with bvFTD, the clusters of FA and MD changes correlating with EF decline do share a large overlap, with those of FA and MD changes across time in bvFTD. Interestingly, these WM correlates of EF were not observed in previous crosssectional studies Tartaglia et al., 2012) . One possible interpretation to emerge from these discrepant findings would be that the other frontal WM tracts such as forceps minor, anterior cingulum and uncinate fasciculus (at least for FA), which were observed to be significantly correlated with EF in these cross-sectional studies, may represent some other preexisting vulnerabilities to develop bvFTD or at least EF deficits in general. Hence these regions do not exhibit significant longitudinal changes in FA and MD nor were they significantly M A N U S C R I P T
White matter integrity and executive function in bvFTD 16 associated with longitudinal EF changes in bvFTD. Of course, other less interesting explanations relating to the methodological differences across studies may explain these inconsistent findings as well. These include the differences in the measurement of EF, acquisition and preprocessing of DTI images, as well as analytical approaches (whole-brain vs. ROI-based). Future longitudinal studies utilizing similar or at least comparable methods on the relationship between EF decline and WM microstructural integrity in bvFTD are required to resolve this uncertainty.
Of note, there are several WM tracts (e.g., internal and external capsule) that exhibited a significant decline in integrity across time in bvFTD and were not correlated with EF changes. It remains unclear if these changes are associated with other bvFTD symptoms such as sociocognitive deficits and apathy, or simply due to some other pathophysiological processes secondary to the condition. This can only be clarified with future longitudinal research on the relationship between the changes in DTI metrics with other bvFTD symptoms. Finally, the fact that our AxD and RD results in this area did not reveal any significant clusters may be somewhat puzzling considering that significant MD clusters were associated with EF changes. Given the small sample size, it is possible that the study had did not have adequate power to detect EF associations with either type of degeneration (axial or radial), but just had enough power to detect EF associations with a combination of both types of degeneration, in the form of MD.
Nevertheless, this explanation is at best a speculation which requires future larger sampled studies to verify.
Our results suggest that the degeneration of CC and ACR to be implicated in the progression of bvFTD, as specifically measured via the decline of EF. The CC is a bundle of WM fibers that connects between the left and right hemispheres of the brain. Its involvement in bvFTD is not unexpected given that it subserves several cognitive functions, notwithstanding EF M A N U S C R I P T
White matter integrity and executive function in bvFTD 17 (Kennedy and Raz, 2009; Qiu et al., 2016) . In fact, the CC has been implicated in other neurocognitive disorders such as aMCI (Yu et al., 2017) and AD (Sexton et al., 2011) . Perhaps the degeneration of the CC may represent more of a general than a specific type of cognitive decline (i.e., that of EF). Speculatively, the degeneration of the ACR may be more specific to bvFTD and or at least EF deficits. The ACR is a bundle of projection fibers within the limbicthalamo-cortical circuitry. Previous cross-sectional research has associated its microstructural integrity with individual differences in EF among healthy adults (Niogi et al., 2010) , adolescents (Seghete et al., 2013) and patients with bipolar disorder (Poletti et al., 2015) . Furthermore, results from our further analyses involving DTI metrics and memory composite scores (see supplementary materials) do partially support the idea that the ACR at least for its FA may be more specific to EF deficits. For instance, we observed that memory decline was not significantly associated with any changes in the FA of the ACR, although this decline was significantly associated with the FA in the CC genu. On the other hand, changes in MD, was significantly associated with both EF and memory decline for both the CC genu and ACR. These findings also suggest that widespread FA/MD changes are associated with cognitive decline more generally; among these widespread changes, only regions of FA/MD changes, such as in the ACR, may be functionally specific.
The implications of these findings are significant. In showing that WM microstructural changes are longitudinally associated with observable cognitive changes in bvFTD, we have essentially validated these WM microstructural changes as a marker of bvFTD progression. In the clinical context, these findings suggest that DTI can be used in conjunction with cognitive assessments to more accurately gauge the progression of bvFTD, so as to predict its prognosis and inform treatment decision. These findings also pave the way for the future research to more M A N U S C R I P T
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confidently use the DTI modality to investigate the different subgroups of patients with bvFTD, in terms of their different rates of progression. The current study is limited by the relatively short follow-up period and small sample sizes. Nevertheless, it is somewhat remarkable that we found relatively robust effects despite these limitations, which further alludes to the dramatic changes in WM microstructural integrity in bvFTD. Furthermore, we were also unable to examine GM variables in the current study due to limitations with the dataset. As such we did not account for other related variables such as frontal lobe atrophy. Future studies should aim to study both GM and WM variables concurrently, so as to obtain a more complete picture on the pattern of neurodegeneration in bvFTD. This would also enable one to determine if either of them is a better predictor of EF decline, or that a combination of them would best predict EF decline. This knowledge will optimize the use of neuroimaging in tracking the progression of bvFTD.
Furthermore, if one intends to study bvFTD together with other dementias, the inclusion of GM variables is crucial as one study has shown that the inclusion GM variables would help to differentiate between bvFTD and AD (Möller et al., 2015) . Finally, there is some concern that the DTI metrics would be influenced by the partial volume effects associated with GM atrophy.
In the current study, these partial volume effects have been largely minimized given that we have applied a relatively stringent threshold of FA> .30 on the mean FA skeleton, and only analyzed voxels which were projected onto this mean FA skeleton.
4.1.Conclusion
Using EF composite scores derived from multiple objective cognitive tests, the current study set out to validate the use of DTI in tracking the progression of bvFTD. Our findings revealed the significant decline across time, in the microstructural integrity of several WM tracts among patients with bvFTD. More importantly, the longitudinal decline in the WM M A N U S C R I P T
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White matter integrity and executive function in bvFTD 19 microstructural integrity of the CC and ACR were found to correlate significantly with the decline in EF across time. Taken together, the current study presented valuable longitudinal evidence to support the use of DTI in tracking the progression of bvFTD and its associated EF decline.
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